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ABSTRACT
Three peptides containing (RW)n-NH2 units (where n = 4, 6, and 8) have been chosen to study
the effect of the chain length on the structure and stability of the peptide using Fourier Transform
infrared (FTIR), scanning electron microscopy (SEM), thermogravimetric analysis (TGA), and
differential scanning calorimetry (DSC) techniques. Their interactions with Escherichia Coli (E.
coli) membrane mimetic vesicles are discussed. Infrared results indicate that addition of (RW)nNH2 units increases intermolecular H bonds with antiparallel orientation. TGA and DSC results
reveal that (RW)6-NH2 shows the optimal chain length in terms of stability and all three peptides
show a preferential interaction with one of the anionic lipids in E. coli membranes. SEM images
of (RW)4-NH2 present large aggregates while those of (RW)6-NH2 and (RW)8-NH2 present
layers of sheet-like structure. In the presence of model membranes, (RW)n-NH2 show fibrillar
peptide superstructures. This study suggests that repeating structures of (RW)n-NH2 promotes
lateral assembly.

1. INTRODUCTION
Antimicrobial peptides (AMPs) are prospective antibiotics with a broad spectrum of activities
against gram-negative and gram-positive bacteria, including antibiotic-resistant strains and some
fungi, viruses, and parasites1, but their killing mechanism is still open to debate2. The class of
antimicrobial peptides containing (RW)n-NH2 units have been extensively studied3–7. The side
chains R and W appear in many AMPs, but the effect of the chain length and composition on
antimicrobial activity is not well understood. It is reported that the spatial position and
arrangement of tryptophanes affect membrane-active peptide adsorption and activity8–11 and
tryptophanes have been observed to modulate hydrophobic mismatches to maintain peptide
stability and activity in lipid bilayer membranes12. Peptides including positively charged amino
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acids have been found to self-assemble and many studies have been devoted to the self-assembly
process of peptides13–21. There is still no consensus on what controls and limits the size of highorder assemblies formed by repeating structures in peptide fibers22.
Liu et al.3 investigated the effect of length in antimicrobial peptides of the (RW)n series (n = 15). They found that the antimicrobial activity of the peptides increases with the chain length, and
(RW)3 showed the optimal chain length in terms of the efficacy of synthesis and selectivity as
evaluated by the hemolytic index. Chen et al.4 who also investigated the antibacterial activity of
short hydrophobic and basic-rich peptides found that (RW)3 had a good antimicrobial activity but
was less active than the longer derivatives.
Based on the findings of Liu et al.3 and Chen et al.4, we decided to explore the effect of length
in antimicrobial peptides of the (RW)n series for n >5. Because (RW)3 showed the optimal chain
length in terms of the efficacy of synthesis and selectivity, we chose the known (RW)4-NH2 as
our reference to assess the effect of adding (RW)n-NH2 units. Doubling the number of (RW)nNH2 units leads to (RW)8-NH2. However, given that short peptides are preferred for their costeffectiveness, we chose (RW)6-NH2 instead of any other (RW)n-NH2 with n>10.
We describe and compare the structure and stability of the peptides (RW)4-NH2, (RW)6-NH2,
and (RW)8-NH2 in the dried state11 and examine their interactions with E. coli mimicking cell
membranes. Studies on the perturbations of the bilayers induced by peptides have been restricted
to the effects of peptides on single or binary phospholipids23–25. We report on the perturbations of
the peptides on bilayers of a very challenging model membrane that is a ternary mixture of lipids
mimicking E. coli membranes26. Vibrational, thermogravimetric and imaging techniques are
used in a complementary way to gain insights into the structure and stability of the samples.
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2. EXPERIMENTAL SECTION
2.1. Materials
Dimyristoylphosphotidylethanolamine

(DPPE),

Dimyristoylglycerophosphorylglycerol

(DPPG), and cardiolipin (CL) were purchased from Avanti Polar Lipid Inc. and used without
further purification. The peptides (RW)n-NH2 were obtained from GenScript (>97 % purity) and
used as received.
2.2. Escherichia Coli membrane mimetic vesicles preparation.
The mixture of lipids used to mimic E. coli membrane composition is that used by Wei-Chin et
al. [26], which is CL:DPPG:DPPE 1:5:15 (mol/mol/mol). The solid phases were obtained using
two different concentration of peptide. (RW)n with the lipid mixture giving the
(RW)n:CL:DPPG:DPPE complex with the respective molar ratios 1:1:5:15 is called (RW)n - E.
coli complex at high peptide concentration. (RW)n with the lipid mixture giving the
(RW)n:CL:DPPG:DPPE complex with the respective molar ratios 0.02:1:5:15 is called (RW)n E. coli complex at low peptide concentration. Vesicles were prepared using pure CL, DPPG, and
DPPE powders.
The appropriate amount of dried lipid was weighed out and dissolved in chloroform and vortex
for 5 minutes. The samples were dried under a stream of nitrogen gas for 6 hours and under
vacuum overnight. A thin lipid film was formed on the wall of the vial. The thin lipid film was
then hydrated with water at physiological pH to a total lipid concentration of 10µM. Small
Unilamellar Vesicles (SUVs) were prepared by sonification of the milky lipid suspension using a
Sonic Dismembrator Ultrasonic Processor (Model FB-50 including a standard 1/8” diameter
microtip, in titanium alloy) from Fisher Scientific for about an hour in an ice bath until the
solution became transparent. Stock solutions of (RW)n with a defined concentration were also
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prepared. For peptide binding experiments, an appropriate volume of (RW)n was mixed to an
appropriate volume of E. coli vesicles to make up the different solutions with different
proportions of E. coli vesicles. Preparation of solid phases: we prepared (RW)n and their
complexes with E.coli vesicles under the form of solids by drying a certain volume of a solution
of interest. A vacuum apparatus FreeZone 6 from LABCONCO was used to obtain the freezedried samples. To avoid a plethora of variables such as organic solvent, incubation time and
buffer, we kept our working conditions at the minimum, using double deionized water at
physiological pH.
2.3. Characterization.
Infrared spectroscopy. Infrared spectra were obtained using a Fourier Transform instrument
(Thermo Scientific iS10) equipped with a single reflection Ge attenuated total reflectance
accessory. Solid samples were used. The change in vibration modes of (RW)n with and without
the lipid mixture was then monitored. The spectra were recorded at room temperature between
4000 and 600 cm-1 at 4 cm-1 resolution and 64 scans were accumulated. Routine smoothing and
normalization were applied to all the infrared spectra27–29. Determination of the secondary
structure. The determination of the secondary structure from infrared spectra shows a matter of
concern29. This is because the bands characteristic of amide I vibration are broad. In this case, a
curve fitting treatment was carried out to estimate quantitatively the relative proportion of each
component representing each type of secondary structure. FTIR spectra of (RW)n with and
without lipid were recorded and used in this study29,30. First, the FTIR spectra were normalized.
Then a linear baseline was used between 1700 and 1600 cm-1, and a FT self-deconvolution was
applied. The frequencies, the number of peaks to be fitted and the half width (15 cm-1) of each
peak to start a least square iterative curve fitting procedure, were obtained from the second
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derivative of the original FTIR spectra. Then the deconvolution of the amide I band was
performed with OMNIC Software (Thermo Fisher Scientific, Waltham, MA), and analyzed as a
sum of Gaussian curves, with consecutive optimization of amplitudes, band positions, halfwidths, and Gaussian composition of individual bands. The amount of each secondary structure
element is given in percentage terms, by dividing the area of one amide I band component by the
area of the sum of all amide band component areas. We assigned the types of secondary
structures based on the data found in the literature29–32. Thermogravimetric analysis (TGA) and
Differential Scanning calorimetry (DSC). Thermal stability and phase transitions of (RW)n and
their complexes were recorded by Thermogravimetric Analysis (TGA)33–35 and Differential
Scanning Calorimetry (DSC)8,34–36 with a LINSEIS STA PT1600 instrument. This instrument
determines simultaneous changes (in a single run) of mass and caloric reactions of a sample.
The instrument performs tests from ultrahigh vacuum 10-4 mbar to 5 bar over pressure. Samples
weighing 4-6 mg were put in an aluminum pan and an empty pan was used as a reference.
Investigations were performed between room temperature and 700oC with a heating rate of 10oC
per minute. At this heating rate of 10oC per minute, the degradation of the samples was reduced.
Transition parameters were obtained with incorporate software37,38. The aliquots from the same
freeze-dried samples are used for infrared, SEM, TGA and DSC. Scanning electron microscopy
(SEM). The SEM images were obtained in a S4800 field emission scanning electron microscope
(SEM) (Hitachi High Technologies America Inc., Gaithersburg, MD). All samples were gold
sputter-coated at 2.0 mA for 1 min (K550X Sputter Coater, Quorum Technologies Ltd., West
Sussex, UK). An accelerating voltage of 5 kV was used for all SEM observations.
3. RESULTS AND DISCUSSION
3.1. Structural analysis.

6

FTIR has been widely used to investigate the secondary structure of peptides and proteins 32,39–
43

. The secondary structure of (RW)n series with and without E. coli membranes was examined

by comparison of FTIR spectra at amide I (1700-1600 cm-1) and amide II (1600-1500 cm-1)
regions that are characteristic of peptides. Figure 1 presents the original FTIR spectra of the
(RW)n series and (RW)n series with E. coli membranes, at high peptide concentration. Figure 1S
(in the supplemental material) displays the FTIR spectra of (RW)n series with E. coli
membranes, at low peptide concentration in the supplemental materials.

Figure 1. FTIR spectra of lyophilized samples of (RW)n-NH2 (obtained from a 10 µM aqueous
solution at physiological pH) and (RW)n – E. coli complex at high peptide concentration (molar
ratios 1:1:5:15).
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From figure 1, one can observe that the FTIR spectrum of (RW)4-NH2 shows a broad
symmetric peak containing an almost equal number of helix/random coils and sheet structures.
Upon (RW)n addition, there is an obvious change in the profiles of the FTIR spectra of (RW)6NH2 and (RW)8-NH2. Their peaks are still broad but completely dissymmetric, suggesting a
concomitant increase in the sheet content and decrease in helix/random coils structures. The
increase in sheet content is also observed in the FTIR spectra of the (RW)n-E. coli complexes
(figures 1 and 1S). These infrared bands are so broad that it is difficult to determine the
secondary structure of the peptide.
Since the amide I regions consist of broad bands, it was subject to curve-fitting in order to
resolve the various subcomponents present in the amide I region32,42. The characteristic amide I
peak described in the literature contains different secondary structures, including: strong
intermolecular β-sheet (1622–1627 cm-1), strong intramolecular β-sheet (1628–1637 cm-1), weak
β-sheet (1690–1703 cm-1), random coils (1637–1644 cm-1), α-helix (1645–1657 cm-1), 310-helix
(1658–1666 cm-1), and turns (1668–1685 cm-1). The conformation ranges above are based on the
experimental data and assignments collected from various authors and evaluated by our
team32,40–44. Table I summarizes the IR curve-fitting results obtained for all the samples. Figures
2S, 3S, and 4S in the supplemental materials display the infrared results of the curve-fitted amide
I regions of (RW)4, (RW)6, and (RW)8, respectively.

Table I. Percentage of secondary structures in RWn-NH2 samples with and without E. coli
model membranes (all calculated secondary structure fractions have a same unit (wt %) with a 2
wt % error bar).
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Secondary structure

Extremes of RW4
band positions

RW6

α-helix

1645-1657

16

19

310-helix

1658-1664

17

18

28

Intermolecular β-sheet

1622-1627

23

30

Intramolecular β-sheet

1628-1637

26

19

Anti-parallel β-sheet

1686-1703

5

8

8

Turns

1665-1685

18

13

13

Random coils

1638-1644

18

Sheet/Helix

0.941

RW8

RW4E. coli

RW6E. coli

RW8E. coli

27

44

48

49

56

25

51

21
1.378

1.172

The results of quantitative analysis of peptide conformation (table I) shows that (RW)4-NH2
consists of a mixture of helix (34%), β-sheet (32%), β-turns (16%), and random coils (18%)
structures. (RW)6-NH2 and (RW)8-NH2 are also composed of a mixture of the same
conformations with different proportions. The total amount of helix and sheet structures is 37%
and 51%, respectively, in (RW)6-NH2, and the total amount of helix and sheet is 29% and 34%,
respectively, in (RW)8-NH2. Addition of (RW)n-NH2 units results in an increase in (a)
intermolecular H bonds with antiparallel orientation, (b) sheet/helix content ratio, and (c) 3 10helix structures to some extent. This increase in sheet is consistent with the general behavior of
peptides composed of alternating aromatic/hydrophobic (W) and positively charged (R) amino
acids. The presence of aromatic tryptophan has been found to increase the strength of the β-sheet
association via π-π stacking interactions43,45. The β-sheet content is in the order
(RW)4<(RW)8<(RW)6. Knowing that the secondary structures of (RW)n series are different, we
aimed to monitor if these differences translate to a different impact on membrane interfaces.
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In the presence of E. coli membranes, the contents of α-helix and random coils of (RW)4 and
(RW)8 have disappeared. The curve-fitting data (table I) and the profiles of the FTIR curves
(figures 1 and 1S) suggest that random coils structures are converted to turns in the presence of
E. coli membranes, leading to a large increase in turns content and a dramatic decrease in helix
in (RW)4 and (RW)8; (RW)6 has the lowest content in turns, but a significant content in helix
remains. The intermolecular sheets are changed to intramolecular sheets in all the cases. These
changes suggest a strong interaction between (RW)n and E. coli model membranes through a
conformational change. When a very low amount of peptide is added to E. coli membrane, the
changes in the corresponding FTIR spectra are small (Figure 1S), but the changes in the
corresponding SEM images (figure 2 G, H, I) are very significant as seen in the next section. The
intensity of the carbonyl peak of the lipid at around 1740 cm-1 (figures 1 and 1S) remains
unchanged in position and intensity, suggesting that this carbonyl group is not involved in the
bonding.
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Figure 2. SEM images of lyophilized samples of (RW)n-NH2 obtained from a 10 µM aqueous
solution at physiological pH (panel A, B, C), of lyophilized samples of (RW)n -E. coli complex
at high peptide concentration (panels D,E,F), and of lyophilized samples of (RW)n -E. coli
complex at low peptide concentration (panels G,H,I) .

3.2. Ultrastructural analysis.
SEM was used to visualize the effect of the chain length addition. The SEM images shown in
panels A, B, and C of figure 2 provide a strong evidence that adding (RW)n units promotes
lateral assembly. (RW)4 sample (figure 2A) presents large aggregates including multiple stacked
thin sheets wrapped on an amorphous matrix. No obvious fibrils appear. The presence of a
significant amount of sheets and random coils structures in (RW)4 may explain these features.
SEM images (panels B and C) show that (RW)6 and (RW)8 present mostly dense layers of sheet
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like structures of a few micron thickness46. The average measured thickness of layers of sheet is
~1.2 µm, and the surface is smooth and homogeneous. This can be explained by the fact that
(RW)6 and (RW)8 have probably reached the minimum amount of sheets required to form an
extended network, a lateral assembly made up of layers of sheets41–48. The surface of the layers is
also smooth and homogeneous.
The SEM images in panels D, E, and F of figure 2 show the interaction of (RW)n with E. coli
membrane mimetic vesicles at high peptide concentration. All three complexes reveal the
presence of ribbons (plates) mostly with some spherical particles. The spherical particles are
probably made of turns while ribbons are made of sheets19,39,43,47, in agreement with the infrared
data in table I.
At low peptide concentration, some really striking features appear especially in the case of
(RW)4. (RW)4 reveals the presence of spherical interconnected micro clusters, with a diameter
range of approximately 3-5 µm (figure 2 panel G). These SEM images resemble the images
described by Gribbon et al.49 and Aronsson et al.48 showing fibrous peptide superstructures. The
SEM images corroborate the results of infrared analysis (table I), suggesting that random coils
and helix structures of (RW)4 are converted into turns in the presence of E. coli membranes to
produce spherical clusters. (RW)6 and (RW)8 (figure 2 panels H,I) present mostly thickened and
ordered fiber-like ribbons/plates with a thickness of a few nanometer sizes 46. The ribbons/plates
have a rectangular-like shape. The average length, width, and height of the plates are 7, 2, and
0.2 µm. SEM images suggest that (RW)n disrupt E. coli mimicking membranes by forming
superstructures. Comparison of panels D, E, F and G, H, I of figure 2 reveals that (RW)n have a
different effect on E. coli vesicles and these effects depend on peptide concentration.
3.3. Thermal analysis
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TGA and DSC were used to study the effects of adding (RW)n units on the thermal stability of
the resulting samples and evaluate the moisture content of the samples. The level of hydration
has been found to affect the thermal stability of proteins50,51. Water molecules may form a bridge
between hydrophobic molecules leading to an extended network50. Also, Liberato et al.32 have
found that water intercalated into the matrix of the assemblies would stimulate the formation of
H-bonds, which would account for the self-assembly of larger structures32.
In general, from the TGA profiles, there are three main regimes of weight loss. The first one
between room temperature and 200oC corresponds to the loss of weakly bound surface and
interlayer water. The second one between 200oC and 450oC corresponds to the breaking of the
bonds.

This

complex

event

includes

decarboxylation,

deamination,

desulphyration,

dephosphorylation, etc…). The third endothermic event beyond 450oC consists of complete
decomposition of the sample36,52. We keep in mind that complexes are most stable when a
smaller loss of mass occurs over a given temperature range36.
Figures 3 and 4 present the TGA and DSC profiles of (RW)n series, respectively. At 50%
weight loss, figure 3 reveals that (RW)4 loses 50% of its mass at a lower temperature than
(RW)8, and (RW)8 loses 50% of its mass at a lower temperature than (RW)6; thus the thermal
stability is in the order (RW)6>(RW)8>(RW)4. This order of thermal stability is in agreement
with the order of β-sheet content suggested by the infrared data. It has been suggested the sheets
are more stable than helix50. From figure 4, the energy required to remove water molecules
(between room temperature and 250oC) is roughly 22 J/g, 535 J/g, and 282 J/g for (RW)4, (RW)6,
and (RW)8, respectively. This is suggesting that water content is in the order
(RW)6>(RW)8>(RW)4. Water molecules are the bridges requires to link different arginine
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residues to form extended network leading to large sheets like-structure seen in SEM images of
(RW)6 and (RW)832.

Figure 3. TGA curves for lyophilized samples of (RW)n-NH2 (obtained from a 10 µM aqueous
solution at physiological pH) and (RW)n – E. coli complex at high peptide concentration (molar
ratios 1:1:5:15).
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Figure 4. DSC thermograms for lyophilized samples of (RW)n-NH2 (obtained from a 10 µM
aqueous solution at physiological pH) and (RW)n -E. coli complex at high peptide concentration
(molar ratios 1:1:5:15).

In the presence of E. coli model membranes, figure 3 reveals that the order of thermal stability
of complex samples is (RW)4-E. coli > (RW)8-E. coli > (RW)6-E. coli. This order is also in
agreement with the IR results suggesting that (RW)4 contains more unordered structures than
(RW)6 and (RW)8, and these random coils structures of (RW)4 are converted mostly into turns in
the presence of E. coli model membranes. This feature may explain why (RW)4 is more reactive
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than (RW)6 and (RW)8. The random coils structures of (RW)6 and (RW)8 are mostly converted
into a mixture of sheet and helix structures.
To verify whether the peptides could discriminate between the components of the ternary
mixture of phospholipids mimicking E. coli membranes, we compared the 250-400oC regions
where the lipids appear. Figure 4 presents the DSC profile of E. coli mimicking vesicles,
showing a broad and asymmetric peak with an enthalpy change of about 909 J/g corresponding
to the breaking of the H and intermolecular bonds of the lipid mixture. The asymmetric property
of the peak may be related to the non-ideal behavior of the ternary lipid mixture
(CL:DPPG:DPPE). The low and high temperature peaks have almost the same amplitude.
This peak is differently and dramatically affected by the presence of (RW)n. The results of low
and high peptide concentrations are similar. In the presence of (RW)4, the low temperature peak
decreases in amplitude while the high temperature peak becomes higher and sharper, and
completely dissymmetric. These data suggest that (RW)4 discriminates between the lipid
components; the low temperature peak corresponds to the peptide-poor domain and the high
temperature peak to the peptide-rich domain, a phenomenon already seen in the literature11,38.
Also, the total enthalpy has increased from 924 J/g to 2036 J/g, suggesting a stabilizing effect of
the model membranes by (RW)4. In the presence of (RW)6 and (RW)8, the intensities of the peak
of E. coli model membranes have also decreased and sometimes completely separated as seen in
the case of (RW)8-E.coli complex, and a new peak maximum has appeared at around 420oC. The
total enthalpy in the selected region has decreased. The reduction of intensities suggests that
(RW)6 and (RW)8 are able to recruit the negatively charged lipids, like (RW)4. This is due to the
presence of R residue, as the role of R residue in promoting anionic lipid clustering is wellknown11. The reduction in total enthalpy points towards a destabilizing effect of the model
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membrane by (RW)6 and (RW)8. Overall, the three peptides interact strongly but differently with
E. coli mimicking membranes.
We suggest that the order of strength of the complex is (RW)4-E. coli > (RW)8-E. coli >
(RW)6-E. coli, in agreement with the TGA and IR data. In addition, the combination of the four
techniques used herein has revealed the self-assembly behavior of the (RW)n peptides and the
resultant superstructures. With respect to (RW)4, the increased stability of (RW)6 and (RW)8
peptides may be due to the increase in net positive charge due to the increased length, leading to
a finer balance between π-π stacking of tryptophan residues and steric effects. From the point of
view of mechanism of interaction, this study suggests that the negative region of membrane is
the target of these antimicrobial peptides of the (RW)n series (n = 4,6,8) through the presence of
arginine residues. This preferential membrane interaction of (RW)n peptides may provide an
insight into the studies of peptide and bacterial membrane interactions. The presence of a helical
conformation in two helical tracts may also offer a new direction in the studies of fibrils in
neurodegenerative diseases.

CONCLUSIONS
We have examined the effects of the chain length on the structure and stability of antimicrobial
peptides of the (RW)n series using FTIR, SEM, TGA and DSC techniques. Addition of (RW)nNH2 units results in an increase in sheet/helix structure content ratio, 310-helix structures, and
intermolecular H bonds with antiparallel orientation, promoting a lateral assembly. Vibrational
data revealed a multiplicity of secondary structures corresponding to a multiplicity of peaks in
TGA/DSC profiles related to various morphologies shown by SEM. We have established that
peptides of the (RW)n series show a preferential interaction with one of the anionic lipids and are
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able to disrupt the E. coli membrane. In one hand, the ability of (RW)n to form superstructures
with E. coli model membranes seems to be a requirement for their antimicrobial activity. In the
other hand, the ability of (RW)n series to form a fibrillar structure in solid state is similar to that
of amyloid fibrils. Thus, the fibrillar morphology of peptides of the (RW)n series may be used as
a model system to study the fibrillation process of many neurotoxic diseases causing amyloid
fibrils. Finally, this approach may be useful in creating new materials in nanotechnology by selfassembly.
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